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It is a pleasure to have the opportunity to
join this workshop to celebrate 30 years of
LASR. I am not a statistician, but rather a
user of the intellectual product of statisticians
in my biological work. I am very grateful
for the role these workshops have played in
the development of the methods of “statistical
shape analysis” (Dryden and Mardia , (1998))
or “geometric morphometrics” (GM; Rohlf
and Marcus, (1993)) which initially brought
me into contact with Professors Mardia and
Kent at Leeds, and later Professor Bookstein,
then at Michigan. It is surprising and pleasing
to see the impact these methods. A Google

search of the terms "geometric morphometrics" OR "statistical shape analysis" for each of the
years 1992-2010 shows the rising numbers of publications using these approaches (Figure 1).

Mostly these are applications to biology, and key themes in this context include genetics,
evolution and comparative form and function. A major driverin the uptake of these methods
has been the development and release of software tools, firsttwo dimensional and later three
dimensional, that have facilitated uptake of these methodsby biologists. I have been involved in
the development of two of these tools, with the latest being the EVAN toolkit. This arose from
an EU wide collaboration, EVAN (European Virtual Anthropology, 2006-9), a research training
network supported by EU FP6 Marie Curie Actions. The focus ofthe resulting software tool
has been on future applications and as such it has moved away from the emphasis of earlier
tools on the analysis of variations among landmark configurations based on (few) identifiable
equivalent points towards descriptions and analyses of surfaces using semilandmarks, providing
sophisticated tools for warping and for analysis and visualisation of variations among surfaces.

In the last ten years my own interests have moved away from applications of GM to skull
growth and towards the analysis of form and function in skeletal material, especially in pri-
mates. There is a good reason for this; GM methods are well suited to analyses of patterns
of growth but to understand causes, the impact of function iskey. In this regard GM analyses
of covariances between skeletal form and functionally relevant variables provide insights into
how form relates to function. But, to understand the physical meanings of such relationships
and to assess in detail how aspects of skeletal form, form variability and growth relate to func-
tion it is necessary to understand how loads are borne, how skeletal elements deform and how
varying loads cause varying deformations. To these ends, incollaboration with engineers and
computer scientists, I have recently focussed on the development of tools to facilitate simula-
tion of skeletal loading. These are specifically tailored for skeletal biologists and implement
the standard engineering approach of finite elements analysis (FEA) in ways that specifically
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suit the modelling of skeletal elements with applied muscleloads and constraints. FEA results
in maps of stress and strain of skeletal elements which are ofspecific use in interpreting the
consequences for the particular skeletal element of the particular loading applied. Thus, regions
of high or low strain may predict bone deposition or resorption during growth or adaptation and
of particularly concentrated high strain, fracture. As such this approach pervades biomedical
engineering studies of e.g. the design of medical implants to replace joints.

However, in my own work I have different needs from those of the biomedical engineers
in that I wish to compare skeletal deformations under different loadings and eventually assess
how different skeletons vary in their responses to loads. Thus, many skeletal analyses exist
in the literature that relate form to biological adaptations and so to function, but it would be
a significant advance to base functional comparisons directly on the mechanical behaviour of
bones. To these ends my most recent explorations have turnedto how GM tools might combine
with FEA.

FEA first computes the deformation of the whole mesh based on the specified material prop-
erties, loads and constraints, and then relative deformations throughout the mesh are quanti-
tatively assessed by computing strains. FEA outputs the displacements of the nodes of the
underlying mesh and these completely describe how the nodesmove relative to each other and
how the mesh as a whole is translated, rotated and scaled. Strains are usually computed to
assess relative deformations throughout the mesh but GM offers an interesting alternative; to
treat these relative deformations as the vector between unloaded and loaded shapes in Kendall’s
shape space and the difference in centroid size. The result is an alternative representation of
the resulting deformation in terms of Procrustes or Form (Procrustes plus size) distances. Em-
pirically, form distances behave rather well in relation toapplied loads and isometric scaling.
Thus doubling the load doubles the distance, isometricallyscaling the specimen by doubling
lengths, results in a halving of the distance and halving of stiffness (Young’s modulus) doubles
distance. Where multiple deformations are being compared,plots of principal components of
form are particularly informative. The overall approach issimilar to that of geometric motion
analysis (Slice, (1999); O’Higgins et al., (2002); Adams and Cerney, (2007)) in that the aim is
to compare changes in form rather than forms themselves.

Although potentially useful, there are several underlyingissues with this approach that re-
quire addressing. Thus, when working with a single specimenand assessing e.g. the effects
of different loads and constraints, point equivalences areknown absolutely; the nodes of the
mesh or anatomical landmarks on the mesh are the same from loadcase to loadcase. Thus
GM analyses can be carried out at any scale between that of themesh nodes and that of (the
much sparser) anatomical landmarks. This does not apply, however, when comparing deforma-
tions between specimens. The identification of equivalences between them is limited to a few
anatomical landmarks and as Bookstein has pointed out (Virtual anthropology meets biome-
chanics workshop, Vienna 2010) the methods of sliding of semi landmarks cannot be applied at
all to improve the situation. This means that in comparing deformations due to loading between
different exemplars of the same skeletal element, the resolution and the scale of this comparison
is inevitably limited by the density of equivalent points. This is considerably less than that of
the points defining the FE mesh. The comparison of deformations between different objects is
also complicated by the fact that the differences among specimens are likely to be much greater
than those due to loading. Steps have to be taken to deal with the deformations alone. A further
issue arises in interpretation of results in that while transformation grids may prove a useful vi-
sual device in understanding the results of GM analyses of deformations from FEA, meaningful
strains cannot be computed from them.

Besides comparing the results of loading simulations of skeletal material there are other im-
portant connections between GM and FEA on the input side, in making models of skeletal form

116



for subsequent FEA. Thus, FEA uses a single specimen and most(if not all) published appli-
cations of FEA to interpreting skeletal function in a zoological context use single specimens,
ignoring variation. Returning to the introduction of this abstract, recent software tools for GM,
including the EVAN toolkit, offer powerful tools for warping surface models. By applying such
warpings to FEA models it is feasible to alter their geometryin ways that allow exploration
of variability. Thus, while it may take many weeks to segmentand build a model of a skeletal
structure from CT scans it takes moments to warp this model torepresent e.g. the mean or limits
of variation of a sample. Additionally GM analyses of co-variations between form and func-
tion might for instance result in a regression model of form on some interesting biomechanical
quantities such as muscle forces. FEA then offers the prospect of detailed mechanical simula-
tion of the resulting warped models in order to understand why form varies in this particular
way. There are a few caveats and cautions to bear in mind in carrying out analyses of warped
FE models, particularly in relation to the effects on function of warping internal bony anatomy
but initial work using solid models is producing promising results and pointers in this regard.

Thus, GM methods have played a central role in my academic life and look to set to continue
to do so. More than 25 years ago as a PhD student in Leeds, I was fortunate to encounter Kanti
Mardia and John Kent at a time when Fred Bookstein was at the beginning of his work in shape
analysis. They came together first at Leeds for what turned out to be a very long exploration of
statistical shape analysis and I was privileged to be there to witness their debates and to work
alongside and learn from another PhD student with specialist skills in this area, Ian Dryden.
That exploration has for me led to an academic lifetime of studies of skeletal size and shape
variability. As my chart shows it was a lonely place in biology for some years but in recent
times the methods of GM have come to be regarded as the standard approach in biology for the
landmark based comparison of form. Likewise I have a feelingthat the application of GM tools
to the study of skeletal function via links to FEA will eventually yield new approaches that will
eventually impact on comparative biomechanics.
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